We report a facile approach for the formation of magnetic core-shell iron oxide@silica@nickel-ethylene glycol (Fe 3 O 4 @SiO 2 @Ni-L) microspheres. The structure and morphology of Fe 3 O 4 @SiO 2 @Ni-L are characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and nitrogen sorption isotherm. The composite possesses high specific surface area of 382 m 2 g -1 . The obtained 10 core/shell structure is composed of a superparamagnetic core with a strong response to external fields, which are recovered readily from aqueous solution by magnetic separation. When used as the adsorbent for uranium (VI) in water, the as-prepared Fe 3 O 4 @SiO 2 @Ni-L multi-structural microspheres exhibit a high adsorption capacity, which is mainly attributed to the large specific surface area and typical mesoporous characteristics of Fe 3 O 4 @SiO 2 @Ni-L microspheres. This work provides a promising approach for the design and synthesis of 15 multifunctional microspheres, which can be used for water treatment, as well as having other potential applications in a variety of biomedical fields including drug delivery and biosensors.
Introduction
With the rapid development of nuclear power and nuclear techniques, the environment faces more and more contamination 20 than in the past. Uranium mining and hydrometallurgy produce a large quantity of uranium waste water, which causes a serious threat to the ecological environment and waste resources. 1, 2 Hence, it is very important to remove uranium from water. The most used methods for separation of uranium from aqueous waste 25 streams include chemical precipitation, electrolysis, chromatographic extraction, solvent extraction, ion exchange and adsorption. [3] [4] [5] [6] Compared with other methods, adsorption is efficient and easy to operate, which is widely used for wastewater treatment process. 7 As a desirable approach, adsorption processes 30 are widely used in water treatment. Developing novel sorbents is presenting significant opportunities to improve the nuclear fuel cycle. 8, 9 Nickel-based materials have an important function, and are employed in various fields, such as batteries, 10 optics, 11 gas-35 sensing devices, 12 electrochemical capacitors, 13 and catalysis.
14 materials with hierarchical nanostructures. [15] [16] Elabd et al. reported that, hydroxides of nickel can be employed as an adsorbent. Also, it was reported that hydrated UO 2 2+ adsorbed effectively on top of a surface nickel atom through surface 40 complexation with Ni-O bonds. 17 This means that the loading amount of functional groups increases significantly. Moreover, ethylene glycol have more functional groups and easy to combine with nickel. For this reason, Nickel-based materials are expected that the new sorbent materials will show high adsorption capacity 45 for UO 2 2+ . Unfortunately, it is usually a kind of superfine powder, which is easy to lose in the processes of adsorption and difficult to separate from aqueous systems after batch adsorption experiments. 18 Certainly, magnetic adsorbents have emerged as a new 50 generation of materials for environmental decontamination since magnetic separation simply involves applying an external magnetic field to remove and recycle the adsorbents. Magnetic composite materials can possibly resolve the above problem. Such materials combine the advantages of activity of adsorbents 55 with the merits of an easy separation by incorporation of magnetic nanoparticles. Magnetite (Fe 3 O 4 ), a common ferrite possessing a cubic, inverse spinel structure, has been widely studied because of its potential application as ferrofluids, catalysts, biological assays, chemical sensors, and 60 electrophotographic developers. 19 With respect to these properties, the design and synthesis of various core/shell architectures based on Fe 3 O 4 are important research areas of interest. For instance, Lv et al. prepared magnetic γ-Fe 2 O 3 @Ti-tmSiO 2 which has been applied in the adsorption of dye. 20 Chitosan-coated Fe 3 O 4 nanoparticles showed marked ability in extracting Cu (II). 21 Coreshell structured magnetic material is a kind of novel adsorption material. It can make up the disadvantages of individual adsorption material and improve the adsorption performance. Moreover, it can simplify the regeneration steps and easy to 70 recycle adsorbent.
In this paper we report the synthesis of core-shell structured material with magnetic components encapsulated in Ni-L to enhance the separation and recovery of shell material. The asobtained Fe 3 O 4 @SiO 2 @Ni-L materials were used as adsorbent in 75 waste-water treatment, and showed an excellent ability to remove uranium (VI) from aqueous solutions.
Experimental Material Preparation
Fe 3 O 4 particles were fabricated by a simple hydrothermal method according to Ref. 22 with a little modification: FeCl 3 ·6H 2 O (2.7 g, 5 10 mmol) was dissolved in ethylene glycol (80 mL) to form a clear solution, and then NaAc (4.0 g) was added to the solution at 50 °C under vigorous stirring for 30 min. The mixture was then transferred to a Teflon-lined stainless-steel autoclave (100 mL) and heated at 198 °C for 8 h.
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The core−shell Fe 3 O 4 @SiO 2 microspheres were prepared by a sol-gel method as follows. 23 The magnetite particles were dispersed in a mixture of ethanol (280 mL), deionized water (70 mL), and concentrated ammonia aqueous solution (5.0 mL, 28 wt %). 
where Q e is the adsorption capacity of adsorbent, C 0 and C e (mg 
Desorption studies
To investigate the reusability of Fe 3 O 4 @SiO 2 @Ni-L, 0.05 g of 45 Fe 3 O 4 @SiO 2 @Ni-L was first put in contact with 50 mL uranium (VI) for 300 min. After adsorption, desorption was carried out by washing the adsorbents with distilled water several times, and then the solution containing 50 mL of desorptive solutions was added into the adsorbed uranium (VI) adsorbents for 300 min.
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Before the second adsorption, the adsorbent was treated by 0.1 mol L -1 NaHCO 3 solution for 300 min. The solid and liquid phases were separated by a magnet. L are revealed by the XRD patterns (Fig. 1A) , which show that the curve of diffraction peaks marked Fe 3 O 4 of (220), (311), (400), (422), (511) and (440) around 2θ angle of 22°can be ascribed to amorphous silica. 24 Those obviously broader and weaker peaks most likely indicate the crystalline loss from Fe 3 O 4 . However, we can see that the crystal of Fe 3 O 4 (400) still remain. Moreover, we observe that a strong diffraction peak appears at around 6.2°, which is 85 characteristic of coordination polymers from metal ions and ethylene glycol. [25] [26] [27] The following FT-IR and EDS study can provide evidence for this analysis. 
Results and discussion

Characterization of samples
Effect of pH on the uranium (VI) adsorption
Solution pH is one of the most important variables affecting the adsorption characteristics. Adsorption of uranium (VI) on as function of pH value is shown in Fig. 6 
Effect of contact time on uranium sorption
The effect of contact time on the adsorption of uranium (VI) onto Fe 3 O 4 @SiO 2 @Ni-L was studied under a constant concentration of uranium solution at 298-328 K. It was observed that adsorption 15 of uranium was rapid in the first 120 min and then gradually attained an equilibrium within 240 min, suggesting strong chemisorptions or surface complexation of uranium with Fe 3 O 4 @SiO 2 @Ni-L (Fig. 7) . The fast sorption kinetics indicates that Fe 3 O 4 @SiO 2 @Ni-L may have good potentialities for real 20 application in adsorbing uranium (VI) from large volumes of aqueous solutions. Based on the kinetic data, 300 min was selected to ensure the equilibrium of uranium (VI) sorption on Fe 3 O 4 @SiO 2 @Ni-L in the following experiments. 
Adsorption kinetics
The kinetics of adsorption was studied to investigate the 55 mechanism of adsorption, and the pseudo-first-order and pseudosecond-order models were tested to fit experimental data of uranium adsorption on Fe 3 O 4 @SiO 2 @Ni-L (Fig. 8) . The pseudofirst-order model 34 can be expressed by: a pseudo-second-order sorption is the predominant mechanism. These results suggest that a pseudo-second-order sorption is the predominant mechanism and the rate constant of uranium (VI) appears to be controlled by the chemisorption process. It is also indicated that the rate-determining step might be chemical 80 adsorption and the adsorption behavior might involve the valency forces through sharing electrons between uranium (VI) ions and adsorbents. 
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Effect of temperature and adsorption thermodynamics
Adsorption isotherm models are usually used to describe the interaction between the adsorbent and the adsorbate when the adsorption process reaches equilibrium, affording the most important parameter for designing a desired adsorption system.
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The effect of temperature on the adsorption of uranium on Fe 3 O 4 @SiO 2 @Ni-L particles was studied in the range of 298-328 K (Fig. 9) . It is obvious that most sorption occurs at 328 K and least at 298 K, indicating that high temperature is advantageous for uranium (VI) sorption. The thermodynamic parameters (∆H°, ∆S° and ∆G°) are calculated from the temperature dependence of sorption isotherms (Fig. 10) . The adsorption standard Gibbs free energy changes (∆G°) can be calculated as follows:
where R is the gas constant (8.314 J mol -1 K -1 ) and T is the temperature in Kelvin. The average standard enthalpy change (∆H°) is obtained from the Van't Hoff equation:
where
T is absolute temperature (K), and R is the ideal gas constant (8.314 J mol -1 K -1 ). 
Adsorption isotherms
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Isotherms are the equilibrium relations between the adsorbate concentrations in the solid and liquid phases. Maximum adsorption capacity is obtained from isotherms. The equilibrium adsorption data were analyzed by the well-known Langmuir and Freundlich isothermmodels. The linear plots of Langmuir, Freundlich equations representing uranium (VI) sorption are illustrated in Fig. 11 . The corresponding Langmuir, Freundlich parameters, along with the correlation coefficients, are reported in Table 3 . As shown in 
Desorption and reusability study
Reusability is an important process in sorption studies due to it enhancing efficiency of use. Therefore, the reusability of Fe 3 O 4 @SiO 2 @Ni-L was investigated to evaluate its application potential in removal and recovery of uranium (VI). As illustrated 45 in 
Comparison of adsorbent performance with literature data
The removal of uranium (VI) by different adsorbents has been 60 studied extensively. 
Removal Mechanism
The adsorption capacity of 
